The global demand for energy has been increasing since past decades. Various technologies have been working to find a suitable alternative for the generation of sustainable energy.
I. Introduction
Every living organism is associated with energy, which is required for various life functions. With the development of human race, the amount of energy down-conversion. Type I is an ion for which emission from a high-lying level occurs. Type II is an activator ion to which energy transfer takes place. ① and ② denote energy transfer steps, as copied from ref. [6] . that allows for facile photon management. In this review, we will focus mainly on quantum cutting materials since they have drawn much attention lately due to their high quantum efficiency property [2] [3] [4] .
II. Quantum Cutting Phenomenon
Visible quantum cutting
The concept of quantum cutting provides a useful means to obtain two or more number of photons for every absorbed photon. The visible quantum cutting phosphors which utilize the vacuum UV (VUV) light (e) NIR quantum-cutting due to cooperative ET from ion I to ion II. Note that two type II ions simultaneously emit two photons in the NIR spectral region [8] .
to generate visible light with conversion efficiency greater than unity help to provide improved energy efficiency in lighting devices [5] .
The energy of vacuum UV (VUV) photon is much higher than the energy of visible photon which makes it capable of generating two visible photons when . 1c ). In all above mentioned cases if the two step electron transfer process is energetically efficient then we can observe visible quantum efficiency of as high as 200% due to prevention of energy degradation through IR and UV losses existing in a single ion [7] .
Near IR (NIR) quantum cutting
The process of NIR quantum cutting is involved in , respectively [9] [10] [11] [12] [13] [14] . The emission of NIR photons may get the setback from the unwanted emissions in the UV-visible region along with non-radiative recombination along with desired NIR emission.
To overcome the problem of unwanted emissions and non-radiative recombination, the alternative mechanism for NIR quantum cutting was proposed which include incorporation of two luminescent centers. The mechanism is summarized in Fig. 2b 
III. Criteria for the Choice of Host Crystal
When the electron from 4f energy level excited into 5d orbital and extends beyond next energy levels such as 5s and 5p, the spectroscopic properties of rare earth dopants in an electronic configuration such as charged Zr 4+ ions [36] . This observation was explained by the nephelauxetic effect [37] . The second cation interacts strongly with the nearest neighbor Pr 3+ ion and then gives rise to a small centroid shift which leads to high QC.
IV. Factors Affecting Quantum Cutting Efficiency
1. Size dependent properties The reduction in size due to the loss of energy states results into increase in band gap energy, which results into the blue shift of the photoluminescence and photo-absorbance spectra. The effect was reported in ). Nanocrystal environments with discrete and controllable phonon spectrum may provide some advantages.
ㆍThe ion pairs involve multipolar and/or exchange interactions that are strongly dependent on the ion-pair separation. Nanostructure control provides an opportunity to optimize the ion-pair interaction.
Effect of temperature
Temperature has major impact on the quantum cutting process of various dopant systems. The temperature dependence of the Gd-Eu quantum-cutting system is worth studying [6] . Due to a mismatch in energy, energy transfer by cross relaxation is expected to be inefficient at low temperatures and changes in the visible spectra as a function of temperature have been observed. , and maximum quantum efficiency obtained was around 164.03%. However, the discussion on particle's morphology was not presented in this report [49] .
Combustion method
Combustion is one of the potential processes for material synthesis using self-propagating high temperature from exothermic reactions between metal nitrates and organic fuels such as urea, carbohydrazide, glycine etc. This method has been reported as an effective and low-cost process since it requires low temperature and short time [54] . powder is collected and processed for post heat treatment [55] . Although combustion synthesis can be carried out easily within short time, the high temperature produced from exothermic reactions can deteriorate particle's morphology by agglomeration and pore formation due to release of various gaseous products [58] . In order to produce nano-sized particles through combustion synthesis, other processes such as milling and salt assisting are used [53, 54] . 
Precipitation method
Since particle's morphology and size have significant effects on optical properties of the luminescent materials, recent research on synthesis processes which allow controlling particle's morphology and size becomes more attractive for many researchers [63] . As being discussed above, agglomeration resulted in big particles and unsatisfied morphology always happens in conventional solid state method and combustion. Co-precipitation is a promising method that enables to produce highly homogeneous products due to good mixing of starting materials, and reactions happen at lower temperature; usually room temperature [64] . Especially, through co-precipitation method, particle size and morphology can be controlled that allow producing desirable products [65] . Many phosphor hosts have been successfully synthesized using this process such as YF3 [63] . They found that pH is one of the main factors determining the final products' morphology and size since pH affect the nucleation and growth rate of the particles during co-precipitation. However, pH doesn't affect the crystal phase of products. They observed that at lower pH (pH 6), YVO4 particles seem irregular shape and bigger size (3∼6 μm). However, at higher pH (pH 7∼10)
particle's morphology shows regular sharp and smaller particle's size (500∼600 nm for pH 9), and at pH 9, optical properties of particles were also enhanced [63] .
Hydrothermal method
Shape, dimensionality and size of luminesce materials are much attractive for the modern materials architectures because those parameters affect the optical properties of the final products [76] .
Therefore, the exploring of new controllable methods for producing good products is still in a challenging progress. Hydrothermal synthesis has been reported as one of the best options for producing nanomaterials since it takes place in lower temperature, homogeneous nucleation and proceeds well-defined morphologies [78] . Furthermore, in this process it is easy to control the reaction conditions and scale up with high yield for a commercial purpose [77] . Metal oxides are used as starting materials which are stoichiometrically dissolved in HNO3 (nitrate-based) [77] [78] [79] [80] or in HCl (chlorite-based) [76, 79] at heating condition. Then, stirring has to be processed until it becomes a homogenous solution. The second step is reaction. Nitrate-based solution or chlorite-based solution can be diluted in water and precipitation agents such as NH3, HCl (acidic condition) [76, 80] or NaOH (basic condition) [79] followed by stirring. , Yb 3+ quantum-cutting phosphor using hydrothermal process with an excellent record [80] .
They found that as-synthesized products (drying at with polyethylene glycol or citric acid with ethylene glycol) are added [86] [87] [88] [89] [90] . pH of the solutions has to be controlled at acidic condition. For metal-organic route metal alkoxides are used as starting materials dissolved alcoholic solution in water condition [88] .
Sol-gel method
After gelation, water content has to be removed form gels by drying, and finally, thermal treatment is used to increase the grain size of Y2O3 from 13 to 48 nm, respectively. They observed that PL emission increased monotonically as the film thickness increased due to good crystallinity, and the maximum quantum efficiency was 152% [92] . Furthermore, Qu et al.
(2012) also observed the effect of oxygen pressure on the film's quality [93] . They found an interesting result that O2 pressure in PLD process had significant effects on particle's morphology, size and the orientation of particles on the substrate. At lower O2 pressure (0.2 Pa), the film was smooth surface, grain size and grain boundary were undetermined.
Increasing the O2 pressure to 1 Pa, gain size was bigger and grain boundary was clearly observed. Further increase to 5 Pa, uniform pyramid structure of the grain was observed; and this structure collapsed when O2 pressure increased more to 10 Pa. They also claimed that at lower O2 pressure (0.2∼3 Pa) the orientation of Y2O3 on Si (100) substrate preferred as (222), while higher O2 pressure (400) was dominant.
This is due to the surface energy required for (222) orientation is lower than that of (400) [93] .
Melting-quenching method
Melting-quenching process is generally used to fabricate glass ceramic phosphors such as oxy-fluoride glasses [94] [95] [96] , borate glasses [97, 98] , borosilicate glasses [99] , phosphate glasses [100] , germanate glasses [101] , silicate glasses [102] etc. The process is quite simple, but it needs high temperature for melting materials. The starting materials, high purity products such as metal oxides or metal carbonates, are homogeneously mixed together by an agate mortar and pestle [95] . Then, this mixture is melted at higher temperature from 1000 o C for borate glasses [98] to 1600 o C for germinate glasses [101] . The melting samples are poured into a plate, and kept for cooling. Finally, glass ceramics are polished to obtain the desired thicknesses. In some cases, annealing at Pr-Yb show a resonant two-step energy transfer process ( Fig. 2d-b ) and couples like Tb-Yb and
Gd-Yb show a cooperative quantum cutting process (Fig. 2e) whereas the Ce-Yb couple is known to undergo single step energy transfer by the metal-to-metal charge transfer (Fig. 2a) .
In order for the down-conversion materials to be incorporated in a solar cell, the materials have to be designed in a thin transparent layer on top of the solar cell (Fig. 7) . To obtain the transparent layer, the phosphor powder incorporated in the layer has to be smaller than ∼50 nm in diameter, or transparent luminescent ceramic plates should be prepared. reflection. In order to understand how much enhancement we can achieve by this spectral conversion technology, detailed studies on separating each factor must be followed.
VIII. Conclusion
The concept of NIR quantum cutting phosphors was put forward as a down-converting material which has capability to produce two photons in visible and near by the quantum cutting phosphors is realized, its impact in photovoltaic market will be significant.
